NFs (neurofilaments), the major cytoskeletal constituent of myelinated axons in vertebrates, consist of three different molecular-mass subunit proteins, NF-L (low), NF-M (medium) and NF-H (high), assembled to form mature filaments with protruding intrinsically disordered C-terminal side-arms. Liquid crystal gel networks of side-arm-mediated NF assemblies play a key role in the mechanical stability of neuronal processes. Disruptions of the NF network, due to NF overaccumulation or incorrect side-arm interactions, are a hallmark of motor neuron diseases including amyotrophic lateral sclerosis. Using synchrotron small-angle X-ray scattering and various microscopy techniques, we have investigated the role of the peptide charges in the subunit side-arms on the structure and interaction of NFs. Our findings, which delineate the distinct roles of NF-M and NF-H in regulating NF interactions, shed light on possible mechanisms of disruption of optimal mechanical network properties.
INTRODUCTION
Intermediate filaments are a group of partly intrinsically disordered proteins which self-assemble to form cytoskeletal filaments. A unique property of intermediate filaments is that, unlike microtubules and actin, they are cell-type-specific proteins expressed to accommodate, among other things, the cell's unique mechanical stability and elastic properties [1] .
In the long neural axon, the majority of protein content is composed of the triplet intermediate filament proteins called NFs (neurofilaments). After self-assembly, they form a spaced aligned nematic liquid crystal hydrogel and act as structural scaffolds. Multiple studies have shown that disruption of the NF network, including incorrect subunit protein expression or phosphorylation state, results in aggregation and is a hallmark of motor neuron diseases such as amyotrophic lateral sclerosis, Lewy-body-based dementia and Parkinson's disease [1] [2] [3] [4] [5] [6] [7] [8] .
The self-assembly of NFs in vivo and in vitro have been the subject of many studies [2] [3] [4] 6, 7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In the present paper, we will describe some of our recent experiments with NFs addressing the central role of their intrinsically disordered charged projection domains (i.e. side-arms) in controlling the inter-and intra-filament interactions.
Although understanding all of the physical mechanisms surrounding NF interactions (and ultimately the cellular processes responsible for network regulation) presents many challenges experimentally, the hope is that exploring the properties of the deconstructed network will provide new insights into these complex interactions and the physical states that lead to disorders such as mentioned above.
NF self-assembly
NF subunit proteins NF-L (low-molecular-mass, 62 kDa), NF-M (medium-molecular-mass, 103 kDa) and NF-H (high-molecular-mass, 117 kDa) have a common structure comprising a short intrinsically disordered N-terminal head domain followed by a hydrophobic α-helical body region and an intrinsically disordered C-terminal side-arm projection domain (Figure 1a ). The largest source of sequence variation occurs in the side-arm domains that differ in total protein length, net charge and charge distribution [9, 20] . Although the side-arms are overall negatively charged, the abundance of positively charged residues in this region makes their appropriate coarse-grained realization that of a polyampholyte. In addition, NF-M and NF-H have 26 and 49 residues respectively, which, upon phosphorylation, add a − 1.8e charge (near physiological pH) to the neutral serine residues.
NF subunit proteins self-assemble to filaments through a series of coiled-coil interactions along the hydrophobic strips in α-helical rod domains, with NF-L as the obligate component in each dimer. An average NF cross-section is composed of 32 subunits (Figure 1b) , with a nearly chargeneutral hydrophobic core and 16 side-arms radiating away from the backbone at 22.5 nm intervals [9, 11, 20] . In a welldeveloped axon, subunit stoichiometry is 7:3:2 for NF-L/NF-M/NF-H respectively, although this ratio is observed to vary during development, post-injury and relative to the network localization with reference to the axonal cell head [2] [3] [4] 6, 7] .
Whereas the 10 nm backbone of NFs forms the flexible core of the neuronal cytoskeletal network, it is the intrinsically disordered and flexible regions of the sidearms that are responsible for forming and maintaining the NF hydrogel. The origin of this side-arm-dependent interfilament interaction is the focus of the present paper. We show below, through direct force measurements of synchrotron SAXS (small-angle X-ray scattering), cross-polarization microscopy and AFM (atomic force microscopy) that, in many cases, the side-arms attract each other. We correlate this attraction to the specific polyampholytic sequences in the side-arm domains that can form ionic cross-bridges by matching oppositely charged residues.
Direct force measurement of NF interactions
NF subunit proteins were purified from bovine spinal cord and reassembled in desired stoichiometries, intended to mimic the network at different developmental stages of the neuron, and elucidate the contribution of each subunit to the overall hydrogel integrity [16] . Furthermore, the monovalent salt concentration and weight percentage of 20 000 Da PEO [poly(ethylene oxide)] (following the procedure of Parsegian et al. [21] ) of the in vitro buffer immersing the NF hydrogels were varied to measure the effect of apparent subunit charge differences on the overall structure, as well as the network response to external osmotic pressure [16] . The integrated SAXS data of the hydrogels shows correlation peaks representing the interfilament spacings. In addition, cross-polarization optical microscopy of NF hydrogels conveys information regarding the long-range nematic order of these lyotropic liquid crystals (Figure 1c) . Figure 2 shows the combined results of SAXS and cross-polarization microscopy on various reconstituted NF hydrogel networks. These results demonstrate clearly that each of the subunit proteins contributes differently to the stability and elasticity of the network. Homopolymer networks (containing only NF-L subunits) form remarkably stiff structures in the monovalent salt range 40-240 mM, with inter-filament spacings changing only slightly even over four orders of magnitude of osmotic pressure. This is presumably a manifestation of the repulsive component of the interactions of the overall negative NF-L side-arm interactions. However, the ability of the liquid crystal network to persist as an aligned gel phase, separate from the in vitro buffer and with a distinct average inter-filament spacing, demonstrates that the attractive component of the interactions predominates [16, 22] .
On the other hand, the osmotic-pressure/inter-filament spacing profiles for NFs having larger subunits (NF-M and/or NF-H) in addition to NF-L are quite different. Here we find the onset of another attractive interaction at high osmotic pressure, overcoming the long-range repulsion sustaining the network at the large and relatively fixed spacings at low pressures: for NF-LH and NF-LMH at all salt conditions studied and for NF-LM specifically at low salt conditions (40-70 mM monovalent salt), there is an abrupt collapse of approximately 20-30 nm at pressures larger than a critical pressure of ∼10 kPa. This collapse from the gel-expanded to the gel-condensed state is irreversible and qualitatively similar to other biological systems undergoing condensing transitions, such as the liquid-expanded to liquidcondensed in lipid monolayers [23] and DNA-bundling transitions [24] .
Single filament elasticity
Although inter-filament interactions as mediated by the sidearms are predominantly the effectors in the network (with reference to inter-filament spacing), it is important to note that attention to intra-filament interactions (between the sidearm and the NF core) should not be overlooked. In a recent study [15] using AFM imaging (Figure 1d ), we measured the persistence length (L p ) of single NFs assembled with different subunit protein stoichiometries and in the presence of various monovalent salt conditions (to parallel the compositions and salt conditions investigated previously [16] ). This method is intended to quantify any apparent changes in the single filament elasticity and bending modulus.
The results (Figure 3) show that apparent filament configurations are strongly dependent on the subunit ratio and can effectively vary L p 2-fold. Surprisingly, stiffer filaments are those with a lower net charge and shorter sidearms, in disagreement with polyelectrolyte polymer theories [25] [26] [27] [28] . These results show that the attractive ionic bridging interaction is sensitive to the side-arm's sequence and length, not only due to a direct variation in side-arm to side-arm electrostatics, but also by leading to a salt-dependent switch between soft and stiff filaments, and thus the introduction of an additional variable that is the interplay between inter-and intra-filament interactions.
Theoretical approach to NF interactions
In the last few years, a few theoretical approaches have been used to study NF interactions including the selfconsistent field technique [12] [13] [14] 29] , molecular dynamics simulations [19, 30] and Monte Carlo simulations [31] . The overall picture gleaned from these studies clearly demonstrates the importance of multiple components (i.e. different subunit protein) for network stabilization and interfilament interactions, where the longer side-arm projections are theorized to decorate (in a flower-like configuration) the stiff brushes created by the NF-L side-arms.
An important insight from our experimental results, also supported by theoretical work [14, 19, 30, 31] , shows that NF side-arm sequences matter significantly when accounting for the overall interactions between NFs. Although this insight is typical for most protein sequence-structure-function paradigm studies, this realization is important for NF subunit proteins particularly because they are intrinsically disordered proteins, i.e. they lack secondary structure. For example, the net charge and length for NF-M and NF-H are not very different and yet their interactions are evidently distinct. Therefore, in describing the NF 'brush-brush' interactions, one should take extra care not to over-simplify the system as is commonly done for synthetic brush systems.
It is important to note that repulsive grafted polymer brushes (for inert and electrostatic sequences) have been studied in-depth in the last half-century. In such cases, the grafted polymers naturally tend to repel each other and behave as entropic springs in solution. Taking the overall negative charge of the side-arms and their grafting density into account, it is tempting to assume that configurations aligning the side-arms will result in repulsion between the NFs. Yet, our results clearly demonstrate that this is not the case: NFs condense and form stable hydrogels in the absence of external cross-linkers. Thus the elusive matter of addressing the origin of the attractive interaction between the side-arms at low and high osmotic pressure is still not fully agreed upon.
Taking the above into consideration, we proposed an alternative representation for possible transient 'handshaking' interactions between side-arms (each on a neighbouring filament and side-arm to backbone) [15, 16] . Since the sidearms do not assume a discernible secondary structure, it is important to treat them as flexible polymers. Local shortrange attractive interactions can occur between matching oppositely charged residues and result in an overall attraction between the NF side-arms. These confirmations can be presented in a 'handshake' electrostatic matrix with the following elements:
where k e is the electrostatic constant. For a given antiparallel configuration, N 1 and N 2 refer to the residue numbers facing each other on the two opposing side-arms (where the maximum residue number is the C-terminal amino acid), and eZ 1 (N), eZ 2 (N) and r 1 (N), r 2 (N) are the charge and location of residues within each chain respectively. For each residue, the local electrostatic energy is calculated between the residue in one side-arm and its nearest and several next-nearest neighbours (up to a distance of the side-arm's persistence length, ∼3.5 nm) in the opposite side-arm. The number of nearest neighbours included is (2m + 1), and the effective coarse-grained interaction is summed over a window containing w amino acids. Although this calculation is very coarse-grained and simplified, it shows a qualitative agreement with all of our experimental observation including subunit-specific attractive interactions [15, 16] .
Concluding remarks
The nature of intrinsically disordered protein interactions presents an intriguing new subject of research, as specificity and regulation must be achieved in the absence of structure. On one hand, it is tempting to treat these proteins as random coils which obey statistical mechanics conformations. However, on the other, as demonstrated in the present paper, and also in many other examples in Nature, the fact that these protein (domains) do not fold does not mean their interaction is that of an inert random coil. In the present paper, we have reviewed our recent findings on both condensed hydrogel NFs and single NFs that deviate from typical random coil behaviour. We have shown that the interactions are side-armmediated and strongly influenced by the amino acid sequence, particularly the strong attractive interaction resulting from ion-bridge 'handshaking'. These results can potentially assist in exploring causes and detrimental effects of NF aggregation, as well as mechanisms for its prevention, and more broadly further the understanding of governing attractions between intrinsically disordered proteins and how the cell regulates their associations into higher-order structures.
